Motor unit number estimation (MUNE) is an electrodiagnostic procedure used to evaluate the number of motor axons connected to a muscle. All MUNE techniques rely on assumptions that must be fulfilled to produce a valid estimate. As there is no gold standard to compare the MUNE techniques against, we have developed a model of the relevant neuromuscular physiology and have used this model to simulate various MUNE techniques. The model allows for a quantitative analysis of candidate MUNE techniques that will hopefully contribute to consensus regarding a standard procedure for performing MUNE.
Introduction
Neurogenic diseases such as amyotrophic lateral sclerosis (ALS, also referred to as Lou Gehrig's or motor neurone disease) are characterized by degeneration of the nerve cells that control voluntary muscle contraction, resulting in progressive weakness and ultimately death. There is a need to assess the severity and progression of neurogenic diseases, especially delayed progression as a result of new treatments. Motor unit number estimation (MUNE) is a promising electrodiagnostic method to meet this need [1] .
MUNE provides an estimate of the number of motor axons making functional contacts with a muscle. Skeletal muscles comprise thousands of muscle fibers and the muscle fibers are contacted by a group of nerve cells located in the spinal cord, the motoneurons. Each motoneuron gives rise to a long axon that electrically transmits action potentials from the spinal cord to the muscle where a single axon branches to contact a number of muscle fibers. A single motoneuron together with the muscle fibers it contacts is called a motor unit: the smallest functional subdivision of the neuromuscular system [2, 3] .
In 1971, McComas proposed a simple neurophysiological technique for estimating the number of motor units in a muscle [4] . A maximal bioelectric response of the muscle was recorded using surface electromyography (EMG) following a supramaximal electrical stimulation of the muscle's nerve. The maximal EMG response was then divided by an estimate of the average single motor unit response. The result was an estimate of the number of single motor unit responses that made up the maximal EMG response. Since this original description in 1971, many investigators have used this method and suggested revisions and alternative techniques for performing MUNE [1, 5, 6] . The difference between most of the MUNE techniques is how to experimentally estimate the average single motor unit response, and whether responses are measured electrically, with EMG, or as the force output of the motor units. The different experimental MUNE techniques can be grouped based on the method used to activate the muscle being studied: stimulation-based or voluntary contractions. A schematic of the experimental configuration for these two types of MUNE is illustrated in figure 1 .
If the numbers of motor units in different human muscles were known by more direct means, e.g., from anatomical studies, then the different MUNE techniques could be compared against this gold standard. These data are not available, though there have been some anatomical studies that have attempted to estimate motor axon numbers from histological cross-sections of nerves [7, 8] . Since the anatomical data are also limited by arbitrary assumptions and small data sets, there exists no objective standard for comparison of the different MUNE techniques. To address the need for quantitative comparison of different MUNE techniques, we have developed a model of the relevant neuromuscular physiology involved in MUNE.
Since the modeled muscle has a known number of motor units, we can quantitatively compare the estimates generated by different MUNE techniques to an artificial 'gold standard'. We have used the model to simulate four MUNE techniques L A Major and K E Jones Current stimulus is applied through a bipolar electrode configuration while twitch tension is measured by a force transducer on the thumb and sEMG is measured with a belly-tendon electrode configuration on the thenar eminence. Minimal stimulation evokes a single motor unit response. Increasing stimulation yields compound muscle responses in quantal increments until all motor units are activated and the total muscle response is observed. (b) Schematic illustration of sampling a single motor unit response by spike-triggered averaging. Force and sEMG are measured during weak voluntary contraction. Simultaneously, an intramuscular electrode records spiking activity (MUAPs) from multiple motor units. MUAPs are sorted to identify spike times for individual motor units. Single motor unit spike trains are correlated with the motor output signals to extract the tensile or sEMG response for that unit. At least 200 spikes times are needed for successful signal averaging.
and have compared the reliability of each. We have also compared the relative utility of using EMG versus force as the output measurement from the muscle. The results suggest that the use of a spike-triggered averaging MUNE technique using EMG produces the least variable results. The model also confirmed the experimental evidence that stimulation of motor axons is random with respect to axon diameter, which is contrary to standard bioelectric threshold theory [9] . We conclude that the use of models allows a detailed testing of methodological assumptions in different MUNE techniques which will lead to a more accurate and reliable method of performing MUNE. This will translate into earlier diagnosis and improved treatment assessment of patients with neurogenic disease.
Methods
The structure and organization of the model were based on a previous model of human motor units [10, 11] . The model consists of 250 motor units, which is equivalent to estimates of the number of motor units in human hand muscles [7, [12] [13] [14] [16, 17] ; and (4) Spike-Triggered Averaging (STA) [18] . The model was developed in Matlab v7.0 and simulations were run on PCs under Windows XP operating system.
Motor unit twitch tension
The force output of a motor unit to a single impulse, i.e. twitch tension, was modeled using the function
where t is the time (ms), and peak amplitude, P i , and contraction time, T i , of the ith motor unit in a pool of size N are given by
and
respectively, where P range is the range of twitch amplitudes and c is a coefficient for scaling twitch contraction times. P range was set to 100 as in [11] , so the twitch amplitudes increase exponentially from 1 to 100 across the motor unit pool (see figure 2 (a)). Two factors contribute to the range of motor unit twitch amplitudes: innervation ratio (the number of muscle fibers activated by a unit), and muscle fiber type. Any motor unit innervates many fibers, but only one type. Both factors combined contribute to the hundredfold increase in single-unit twitch tension over the motor unit pool.
T 1 is the contraction time of the slowest motor unit, which was 90 ms. The coefficient c = log Trange (P range ), where T range is the range of contraction times (ratio T N : T 1 ), which decrease monotonically across the motor unit pool (see figure 2(b) ). Note that the inverse correspondence between motor unit contraction time and twitch tension (3) has been observed in cats, but the nature of this relationship in humans is unclear [19] . However, many studies agree approximately on contraction times in the thenar group varying approximately from 30 ms to 90 ms [20] . The largest motor unit was specified to contract 3 times faster than the smallest (slowest) unit, therefore c = log 3 100 ≈ 4.2.
Total force output from the muscle was calculated by linear summation of forces exerted by all motor units in the pool. The whole pool may be synchronously activated by a single pulse of electrical stimulation administered to the motor axons (as in the stimulation-based MUNE methods); or each unit may be activated by a stochastic train of impulses from the brain (voluntary contraction). In this latter case, a nonlinear gain function, g i , was applied to the twitch amplitude of each unit according to its normalized mean firing rate, T i Fr i . The amplitude modification reflects the empirical nonlinear forcefrequency relationship of muscle output [11, [21] [22] [23] :
Note that for motor units firing at a normalized rate of less than 0.4, the twitch tension was not affected by the imposed force-frequency nonlinearity. The force produced by the ith motor unit, firing at a mean rate of Fr m , is given by
where t ij is the occurrence of its jth action potential. See section 2.4 for details on motor unit recruitment and stochastic firing, including the formulation of mean firing rate, Fr i . The force produced by the whole muscle over time is given by
Single motor unit potential
The electrical response of a motor unit recorded by surface EMG is termed the surface motor unit potential (SMUP). We used a phenomenological representation of the SMUP, the first derivative of a Gaussian function. The temporal spread of the Gaussian was set to 1 ms such that the peak-to-peak duration of each SMUP was 2 ms (total duration of about 8 ms),
where t is in ms. While this is a gross simplification compared to sophisticated models of the interference pattern generated by EMG [24, 25] , for our present purpose it is a good approximation to published SMUPs [4] and to a dipole source model of EMG [10, 26, 27] . Each SMUP had an identical time course, but the amplitudes were chosen to vary exponentially over a tenfold range.
Note that the motor unit EMG amplitudes are determined by the same exponential formula as the twitch peak amplitudes (2), only over a smaller range (A range = 10). In this way, SMUP amplitudes vary across the motor unit pool as the square root of the corresponding motor unit twitch amplitude [28] , as shown in figure 2(d).
The surface EMG was calculated by linear summation of SMUP trains from all motor units in the pool [29] . Unlike, motor unit force output, EMG is not subject to nonlinear scaling with respect to firing frequency of the constituent motor units. Therefore, the expression for a single SMUP is given by [11, [21] [22] [23] and the corresponding CMAP is
See table 1 for a summary of the muscle model output parameters.
Axon threshold to electrical stimulation
Parameters for the muscle model were chosen to reflect the physiology of the thenar muscles of the human hand. We imitated stimulation of those motor axons according to the common technique of surface stimulation of the median nerve at the wrist [12] . It is well known that the larger the diameter of an axon, the lower its extracellular stimulation threshold. Furthermore, thresholds also depend on the impedance of the tissue between the axon membranes and the stimulating electrodes. In this way, the threshold of a given axon depends on its diameter, as well as its depth within the motor fascicle. The diameters of myelinated axons in human muscle nerves have a bimodal distribution [30, 31] . The largediameter axons comprise both motor axons and sensory afferents and range in diameter from 5 to 15 µm. A pool of axon diameters was generated using a Gaussian distribution, restricting the maximum and minimum diameters to 15 µm and 5 µm, respectively. The axon diameters were then sorted and assigned to the pool of motor units according to size, such that the smallest motor unit was given the smallest axon diameter, and the largest motor unit was given the largest diameter.
The motor fascicle to the thenar muscles has a diameter of 200 µm, the center of which is at a depth of 300 µm from the superficial surface of the median nerve. The median nerve was taken to be 2 mm below the skin (data taken from [32] ). Each motor axon was assigned a depth relative to the skin surface, assuming that the axons are evenly distributed within a cylindrical fascicle. Therefore, depths were generated using a Gaussian distribution, constraining the range between 2.2 and 2.4 mm. The 250 motor axons took up about 63% of the cross-sectional area of the fascicle.
In order to determine the stimulation threshold of each axon with respect to its depth and diameter, a simplistic axon depolarization model was implemented [33] . For a cylindrical excitable cell, the relationship between intracellular potential, V i , and membrane potential, V m , is given by
Motor Unit Number Axon Threshold (mA) where V r is the resting membrane potential and z is the axial dimension of the axon. r m ( cm) and r a ( cm) are membrane and axial resistances, which depend on axon diameter, d, according to
where R m = 5000 cm 2 is the specific membrane resistance, and
where R a = 70 cm is the specific axial resistance. The membrane potential due to stimulation current, I s , applied through surface electrodes is
where r e = 350 cm is the extracellular resistance of all tissues between the axon and the stimulating electrode, d A is the distance between the anode and the location of maximum depolarization on the axon membrane, and d C is the same distance measured with respect to the cathode. We made the assumption that the minimum stimulation current required to activate an axon is the value of I s at which the membrane potential is raised 10 mV above its resting value, V m = V r + 10 mV. Each axon was modeled in isolation, not specifically accounting for the shielding effect of other axons within the fascicle, nor the inhomogeneity of the superficial tissue. Also, for the purpose of these threshold calculations, the axons were assumed to be infinite in length and the anode and cathode point sources were separated by 25 mm on the skin surface. Figure 3 shows that the axon depolarization model exhibits strong diameter dependence, which dominates over any influence the axon depth has on its threshold. The small contribution of axon depth adds jitter to the thresholds as shown by the full circles in figure 4(a). Axon diameter is correlated with the amplitude of the corresponding motor unit response size. By this threshold model, Incremental Stimulation methods will preferentially activate the largest responses (figure 4(b)).
Alternatively, if the effect of axon depth dominates over the effect of axon diameter (contrary to the results of our simple axon depolarization model), and understanding that axon distribution in a fascicle is independent of axon diameter, axon thresholds may be effectively modeled as a random parameter (figure 4(a), open circles). By this representation, axon diameter is irrelevant to surface stimulation, and Incremental Stimulation methods will not show a bias toward larger responses. In this way, the random threshold distribution serves as a model offering unbiased sampling of single motor unit responses.
The random threshold model is consistent with experimental evidence suggesting that recruitment of small and large motor units to surface stimulation is random [35, 16] . We tested the two Incremental Stimulation MUNE methods (IS and RIS) on both the diameter-dependent and random threshold versions of the motor unit pool.
It is widely accepted that fluctuations in electrical excitability are an inherent property of motor axons. Consequently, the activation thresholds of motor axons by artificial electrical stimulation are variable [35] . Threshold variability means that a pair of axons with similar excitability may exhibit activation thresholds that overlap as they fluctuate.
Overlap of axon thresholds results in a well-recognized phenomenon known as alternation; that is, for a given stimulus level, some of the lower threshold motor axons in a pool will always be activated (probability of activation is unity). Others with much higher thresholds will never be activated by that stimulus (probability of activation is zero). The remaining axons, whose probability of activation at the given stimulus intensity is intermediate, may or may not be activated. Thus, repeated stimulation at a set intensity produces various incremental muscle responses. The number of increments observed over repeated applications of one stimulus intensity depends on the number of units being activated intermittently.
To illustrate this point, imagine a pool of 26 motor units labeled A, B, C, . . . , Z, where the mean activation threshold of axon A is less than that of B, is less than that of C, and so on, such that unit Z has the highest mean threshold. Suppose that an electrical stimulation is applied with intensity such that units A, B or C might be activated, but the probability of activating unit D is zero. The response observed at the muscle will be the compound response of whichever units are activated. There are seven possibilities: A, A+B, A+B+C (these three combinations are expected regardless of alternation), B, C, A+C and B+C (these four compound responses would not be possible but for axon threshold variability). Thus, for n units that have some intermediate probability of being activated, 2 n −1 compound muscle responses could be observed. This is a worst-case scenario, since it is possible, though not probable that each of the 2 n −1 responses will occur with repeated stimulation (see figure 5 ).
The original Incremental Stimulation MUNE method by McComas [4] did not acknowledge the problem of alternation. Consequently, many of the response increments observed in this technique are misinterpreted, leading to a severe underestimation of the mean motor unit response, and ultimately a gross overestimation of the number of functional motor units. Milner-Brown and Brown's revision of McComas' method is specifically designed to circumvent this problem [15] .
In fact, the Revised Incremental Stimulation method relies on the assumption that under constant experimental conditions, with enough repeated stimulations at one intensity, most of the possible response combinations will be observed. Furthermore, combinations of units that follow the order of mean thresholds (i.e. A, A+B, A+B+C) will emerge as predominant responses. It was therefore predicted that the IS method would overestimate the true number of motor units allocated to the muscle model, whereas the RIS method would yield an estimate closer to the true number. This prediction assumes that the single motor unit responses sampled are unbiased and representative of the motor unit pool.
Due to the stochastic nature of motor axon thresholds, they are regularly modeled by Gaussian cumulative density functions with some mean and standard deviation associated with the threshold of each unit [35] [36] [37] . We have chosen to assign a constant coefficient of variation of 1.65% to the axon thresholds in the motor unit pool [37] . Therefore the standard deviation of each threshold is 1.65% of the mean threshold for that unit (see figure 6 ). See table 2 for a summary of the axon depolarization model parameters.
Voluntary activation
During voluntary contraction, required for the STA MUNE method, motor units are activated in an orderly fashion from small to large twitch tension units [39, 40] . This orderly recruitment of motor units was modeled by assuming that the input to the motor units during voluntary contraction, the motor command, was distributed uniformly to all motoneurons, and the activation thresholds, R i , increased monotonically with twitch size according to
where R range represents the range of recruitment thresholds (R N : R 1 ). R range was set to 30. This results in recruitment of Axon Threshold (mA) Only a subset of the motor unit pool is shown for clarity. Note the increasing probability spread with increasing mean threshold due to constant coefficient of variation. With all 250 units included, most adjacent threshold probability functions overlap by more than 50%.
the last motor unit, number 250 in the case of our model, at 66% MVC of the muscle 2.41 . For a given motor unit, if the motor command exceeded the recruitment threshold the unit would fire stochastically with a mean firing rate determined by
where the minimal rhythmic firing rate, Fr min , was 8 imp s −1 , and gain G Fr was 1.5. E was the level of excitation driving the contraction. Its maximum value was determined by stipulating a peak mean firing rate, Fr p,i , specific to each unit. The smallest unit was allowed to fire as frequently as 45 imp s −1 . The peak firing rates decreased across the pool, linearly with recruitment threshold, R i , such that the peak firing rate of the largest motor unit was 35 imp s −1 :
1 This value is about 50% MVC for hand muscles but can be as high as 85% for limb muscles [41] . Thus, the maximum excitation, the drive level at which the muscle produces 100% MVC, E max , was given by
The stochastic discharge of the motor units was drawn from a Gaussian distribution of interspike intervals (ISI), with the standard deviation for unit i, σ ISI,i , proportional to the mean interspike interval of that unit
where the coefficient of variation, CV, was a fixed parameter of 20%. Each discharge evoked a muscle twitch in time series, and every motor unit produced a time-series train of force output over the course of the contraction. A scaling factor was applied to increase the amplitude of the single-unit force output nonlinearly with firing frequency (see section 2.1). Coincident with each twitch, the motor unit discharge also produced a SMUP to create a second time-series train of EMG output. Both force and EMG signals produced by individual units were summed across the motor unit pool to yield the wholemuscle outputs due to voluntary contraction. See table 3 for a summary of the muscle model voluntary recruitment parameters.
MUNE techniques
The basic principle underlying the four MUNE techniques we simulated is division of the total muscle response by an estimated mean single motor unit response. Muscle responses can be measured using EMG or force. The surface EMG response of multiple motor units to an electrical stimulus applied to a nerve is known as the compound muscle action potential (CMAP). Thus, the estimated number of functional motor units in a muscle (or group of muscles) is
N = max muscle twitch mean motor unit twitch .
In either case, amplitude or area parameters of the electrical or tensile responses can be used as a quantitative measure of the whole-or partial-muscle response size. We used the amplitude response (negative peak, in the case of SMUPs) for our MUNE calculations.
The differences between the four MUNE techniques to which we applied the muscle model are the methods by which the average single motor unit response (the denominator in (20)) is estimated. In each, single motor unit responses from a subset of the pool are sampled and averaged. The accuracy of any MUNE technique depends on how faithfully the single motor unit responses are reproduced, and if the response sizes of the sampled units are unbiased and representative of the motor unit pool.
We simulated the four estimation methods using both force and EMG measurement modalities. The temporal resolution of each simulation was 0.1 ms, except for STA where time steps of 0.5 ms were used to reduce the amount of time-series data stored after each 25 s contraction. For IS and RIS, 10 motor units were sampled to obtain an estimate of the mean motor unit size (twitch or SMUP amplitude) for the pool. In the MPS and STA simulations, 20 motor unit samples were acquired. The reason for these choices will be discussed later.
Incremental Stimulation. The Incremental Stimulation method is also known as the McComas method [4], although
McComas originally performed the experiment on the extensor digitorum brevis innervated by the deep peroneal nerve, using EMG recordings only.
Compound muscle responses are elicited by increasing submaximal stimulation of the (in this case) median nerve such that the smallest response observed must be attributed to the activation of just one motor unit. Subsequent responses to changing stimulus levels exceed the minimum response by fixed amplitude steps. Neglecting the notion of threshold alternation, each quantal increase in muscle output is assumed to be due to activation of one additional motor unit (figure 7). In this way, when n output increments have been observed, it is assumed that the largest response resulted from the activation of exactly n motor units. Therefore, the mean response size of those n units is given by mean SMUP = SMUP n n .
The simplicity of this approach begs the question 'Why not record the quantal response increases across the entire activation range of the motor unit pool, and count the number of steps as the total number of functional motor units?' Aside from the now obvious issue of threshold alternation, it becomes difficult to distinguish response steps as n becomes large. This is because the single motor unit response step size relative to the combined response of the activated units diminishes as n increases. In other words, at the low level of signal gain required to capture a compound muscle response due to activation of a large number of motor units, the incremental response of a single unit is not visible. For this reason, McComas, who had not yet acknowledged the problem of alternation, restricted the number of observed responses to 11. Equivalently, n is the number of units sampled to estimate the mean motor unit response. For all our MUNE simulations n = 10.
In some respects, digital simulation of this rather simple protocol is not as simple as the real world experiment. Therefore, the key steps involved in the IS simulation are described by the flowchart in figure 8.
Revised Incremental Stimulation.
With the application of increasing stimulation intensities, various response increments are observed. Many of these variations are due to alternation, but using the original IS method, they are interpreted as being due to activation of a new motor unit. The result is that the mean motor unit response is underestimated, and by equation (20) , the number of functional motor units is overestimated. The greater the overlap of axon threshold probabilities (figure 6), the greater the number of units that will have an intermediate probability of activation at one stimulus level, the worse the MUNE overestimation becomes.
Milner-Brown and Brown's RIS method compensates for the problem of alternation by applying each stimulus increment many times over, taking account of the entire distribution of responses to that stimulus intensity [15] . The idea is that under constant experimental conditions, with enough repetitions, most of the possible response combinations (alternations) will be observed. For a given stimulus, the most probable outcome is that every unit with an activation probability of greater than 0.5 will fire, and all those with an activation probability of less than 0.5 will not; that is, most probably, only units whose mean threshold is less than the stimulus will produce an output. Therefore, the response that is due to orderly activation will emerge as the predominant response for that stimulus level.
When the stimulus intensity is increased and repeated application reveals a new predominant response, it indicates that the mean threshold of the next motor unit has been surpassed. Therefore, the predominant responses are counted as motor unit increments.
The sample set of motor unit responses is obtained by subtracting each predominant response from the previous, except the first one obtained, since that is simply the response of the lowest threshold motor unit.
Milner-Brown and Brown incorporated two simple criteria in their increment-counting paradigm. In order to count the predominant response arising from some stimulus intensity as a new response increment, (1) it must be a larger response than the previous one counted, and (2) the minimum response at this stimulus level must be at least as large as the maximum response to the stimulus level at which the previous increment was counted. For the same reason as in the original IS method, only about 10 motor unit response samples can be obtained under realistic experimental conditions. An example of the responses obtained by the RIS method is shown in figure 9 . The key steps involved in the RIS simulation are described by the flowchart in figure 10 . of only one motor unit at a time. Multiple motor unit response samples are obtained by changing the site of electrical stimulation on the skin surface [16, 17, 13, [42] [43] [44] 14] . In the case of performing MUNE on the thenar muscles by stimulation of the median nerve, low-intensity stimulationsjust enough to evoke a minimal muscle response-are first applied to the wrist. The minimal response is guaranteed by repeating the stimulation a few times to rule out any larger responses which may be due to activation of a second motor unit, or due to alternation. After a single motor unit response is successfully observed and recorded, the location of the stimulating electrodes is adjusted slightly to a position where the relative thresholds of the motor axon pool are different from those in the previous stimulus location. This way, the new minimal muscle response will be due to activation of a different unit than before, and another single motor unit response is obtained.
Multiple Point Stimulation. MPS bypasses the problem of alternation entirely by recording the response
The adjustment of stimulus location is repeated moving proximally. Stimulation of single motor axons is performed wherever the nerve is sufficiently superficial. Care must be taken to ensure that each recorded response is due to activation of a unique motor unit such that no unit response is sampled more than once. In clinical practice, this is achieved by visual inspection and quantification of the response waveform parameters such as amplitude, shape and latency. When the desired number of samples are recorded (or no more unique single-unit responses can be identified), the sampled responses are averaged to estimate the mean motor unit response. Clinical implementations of this method imply that 10 to 30 unique motor unit samples can be collected from the thenar muscles of most healthy subjects [16, 17, 13, [42] [43] [44] 14] . For the MPS simulation, we chose to acquire 20 response samples.
Since the diameter along an axon is constant, it is assumed that the alteration of axon thresholds with stimulus location is due to a rearrangement in the depths of motor axons as they wind their way from the spinal cord to the muscle, and that distance from the stimulating electrodes is the primary determinant of motor axon activation thresholds. The results of our axon depolarization model (section 2.3) show diameter as the main factor in determining thresholds ( figure 4) . Therefore, the MPS method is not applicable to the resulting diameterdependent threshold distribution. MPS was tested with the depth-dependent threshold model only. The key steps involved in the MPS simulation are described by the flowchart in figure 11 .
Since the sampling is unbiased and distribution of SMUP amplitudes is skewed toward smaller units (even more so for the distribution of twitches) it was expected that the mean motor unit response size would be underestimated, giving MUNEs that are generally higher than the true number of units.
Spike-Triggered Averaging.
In the Spike-Triggered Averaging MUNE technique, the patient is required to perform a voluntary isometric contraction of the muscle of interest while a needle electrode inserted in the muscle records intramuscular motor unit action potentials (MUAP, figure 1(b) ). For a fixed recording position, MUAPs that arise from a particular motor unit are virtually identical. MUAPs arising from more than one active unit may be mixed in one intramuscular recording, but can be discriminated (online or offline) by thresholding and template techniques [45] [46] [47] .
The occurrence times of MUAPs from a single unit are used as triggers to capture fixed windows from the wholemuscle output signals (surface EMG or isometric force). The waveforms collected from those windows are then averaged point-by-point. All muscle output activity that is synchronized with the MUAP triggers, contributes to a nonzero average (constructive interference), while the extraneous muscle activity (firing of other motor units plus noise) cancels to contribute approximately zero to the averaged signal (destructive interference). This way the single-unit response (SMUP or twitch) that is time-locked to the MUAP emerges from the averaged windows.
In STA it is beneficial to sample motor units that are firing at a relatively low frequency so that the triggers are temporally separated and the windows do not overlap [48, 49] . However, twitches can exhibit durations longer than the largest interspike interval ((8 imp/s) −1 = 125 ms, in our model of voluntary contraction). Therefore this criterion cannot generally be satisfied for STA force analysis. In the case of EMG though, SMUP duration is always less than the smallest interspike There are two main advantages to the STA technique for MUNE: (1) the problem of alternation is avoided because no artificial stimulation is required, and (2) MUNE can be performed on more proximal muscles where stimulation techniques are impractical because their nerves are not easily stimulated by electrodes on the skin.
There are some problems with the STA technique as well. One drawback is that intramuscular recordings are somewhat invasive and may compromise the ability of the subject to perform the voluntary contraction. Also, with high levels of voluntary contraction, many motor units are recruited. The quality of the intramuscular recording is degraded by the The smallest motor units in the pool are preferentially recruited during weak voluntary contractions. Therefore, in STA the sample of motor unit responses obtained is biased toward the smaller motor units, leading to an underestimation of the mean response size, and an overestimate of the motor unit number by equation (20) . This provides another good reason to select slow-firing units (between 8 and 10 imp s −1 ), because those units will be the largest recruited during a given 2 Sophisticated decomposition techniques are available to discriminate several different MUAP templates within a multi-channel (e.g., tetrode) intramuscular interference signal including activity from many motor units [50] . Use of these methods with MUNE would allow for more comprehensive sampling of single motor unit responses, as well as faster experimental protocols.
contraction, and sampling these will counteract the small-unit sampling bias to some extent.
STA relies on the assumption that motor units in the pool fire asynchronously so that activity from other units is averaged out of the whole-muscle signal when triggered windows are combined. Even partial synchrony in the motor unit pool could lead to an overestimate of the mean twitch response, and an over-or underestimate of mean SMUP (depending on the phase lag between synchronous units). The effects of motor unit synchrony on MUNE by STA were not investigated in this study. However, synchrony with respect to STA in general has been studied [51, 52] .
Another potential limitation of the STA method for MUNE is that the whole-muscle response is obtained by electrical stimulation, whereas the mean motor unit response is captured during voluntary contraction. It is not well understood how the differences between these contraction modes affect the nature of the force or electrical muscle output. The discrepancy could confound MUNE results. The key steps involved in the STA simulations are described by the flowchart in figure 13.
Data analysis
The MUNEs resulting from the different techniques were compared to the actual number of motor units in the model, N = 250. There are two important measures: How close is the MUNE to the real number of motor units, and how variable is the MUNE over repeated trials? For each simulation protocol, 10 MUNE trials were performed to obtain a mean result ± standard deviation. For IS, RIS and MPS, each trial was performed on a 'different muscle' such that the random model distributions, axon depth and diameter, were rearranged each time the MUNE was repeated. For STA, each trial involved voluntary contractions at a randomly selected set of contraction intensities, up to the specified limit, 10% or 30% MVC. The set of contraction levels were re-randomized for each of the 10 trials. See tables 4 and 5 for an overview of the simulated experimental parameters. The box and whisker plots in figures 14-16 illustrate the lower and upper quartiles (edges of box) the median (line inside box) and the range of data values (whiskers). Outliers are represented by a symbol outside the range (Matlab, Statistics toolbox version 5.0.1).
Results
In total 70 simulations were done to compare the different MUNE techniques and their sensitivity to key parameters of the model (10 trials each of 7 method/models). Force and EMG results were collected simultaneously, for a total of 140 MUNEs. In MUNE methods involving stimulation, the stimulus was incremented by 0.01% of the stimulus span required for minimal to maximal muscle response.
Comparing Incremental Versus Revised Incremental
When the thresholds of the axons are modeled as a function of axon diameter and distance from the stimulating electrode, the IS method gives moderately accurate results, whereas the RIS method grossly underestimates the actual number of motor units ( figure 14) . The estimates using IS are 172 ± 40 (mean ± standard deviation) and 310 ± 76, using force and EMG, respectively, as the measured output, compared to the 250 motor units in the model. The estimates using the RIS technique are much lower (force: 15 ± 1.0, EMG: 20 ± 1.8).
These estimates are not in agreement with the expected overestimate from experimental MUNE based on the IS method [36, 5] . The most probable reason for the discrepancy between the simulations and the expected results is the axon depolarization model. In this model, axon diameter is linked to motor unit size. Since the largest diameter axons invariably have the lowest thresholds, the IS and RIS sampling methods are strongly biased toward very large single motor unit responses.
With random axon thresholds, simulations of the IS technique result in drastic overestimation of the number of motor units (force: 684 ± 397 [296-1165], EMG: 566 ± 191 ). This is the expected result for a MUNE method that does not consider the problem of alternation resulting from axon threshold variability. The RIS method attempts to account for alternation with an improved stimulation paradigm but the resulting MUNEs still underestimate the true value (force: 51 ± 5.6, EMG: 49 ± 6.7). Figure 15 also illustrates the other major difference evident in these simulations: the variability of the MUNE with the two techniques. The original IS method produces highly variable results and this variability is greatly reduced by the RIS method. The decrease in MUNE variability with RIS is due to the large number of stimulation sweeps applied at each stimulus intensity increment.
Multiple Point Stimulation
The fact that axon threshold variability results in alternation is a well-acknowledged limitation of some MUNE techniques. One technique that successfully circumvents the problem is the MPS method. In the simulation, motor axon thresholds were independent of axon diameter, therefore independent of motor unit response amplitude. Thus, the MPS simulation constitutes unbiased sampling of the single-unit responses in the motor pool. MPS MUNE results were much improved over the IS and RIS techniques (force: 295 ± 64, EMG: 272 ± 36, figure 16 ). 
Spike-Triggered Averaging
STA is a MUNE technique that is free from the problem of alternation because it does not require artificial electrical stimulation of individual motor units [18] . The major limitation of STA, experimentally, is that contractions are limited to low to moderate levels in order to confidently discriminate single MUAPs via the intramuscular needle electrode. To explore the effect of contraction level we simulated isometric contractions up to 10% and 30% MVC ( figure 16 ). At 10% MVC the MUNEs from both force and EMG were considerably high (force: 825 ± 117, EMG: 381 ± 25). When STA was performed over a larger range of contraction levels, 30% MVC, the estimates changed to force: 334 ± 32 and EMG: 241 ± 10. Both estimates are more accurate and less variable than using contractions only up to 10% MVC.
Discussion
The simulation results of the four different MUNE techniques provide unique insight into this important electrodiagnostic method. First, the results suggest that axon threshold during electrical stimulation of motor nerves is not strongly biased for axon diameter. Second, the use of muscle force output for performing MUNE is not advised as it results in more variable estimates compared to using EMG. Lastly, and perhaps more tentatively, the most accurate estimate with the least variability is expected from using Spike-Triggered Averaging of EMG with voluntary contractions up to 30% maximal. 
Axon threshold depends more on depth than axon diameter
In the results presented in figures 14 and 15, the simulation of the IS method gave the expected result only in the case of random axon thresholds. Similarly, the results with the RIS method were improved using random axon thresholds, although still grossly underestimating the true value. In addition, based on the data in figure 4(a) and our development of the model, the MPS method would have resulted in the recruitment of the same ∼8-10 low threshold motor units (those with the largest diameter, twitch and SMUP) in each simulated new stimulation position. The strong dependence on axon diameter would have prevented collection of 20 unique motor units in our MPS simulations. Altogether the results suggest that axon diameter is not a major factor in determining threshold to electrical stimulation and that the random depth distribution was a better model of axon threshold. This conclusion contradicts expectations based on the theoretical model developed in section 2.3 and [34] , but is consistent with previously reported empirical findings of human motor axon thresholds [35, 16, 37] . A theoretical axon threshold model that incorporated the anisotropic conductivity of the fibrous tissue between the axon and the skin would result in reducing the effect of axon diameter. Such a model would be expected to produce thresholds that are less influenced by diameter and more dependent on the random depth distribution, i.e. corresponding to our random threshold distribution. It should be noted that the influence of diameter on axon threshold would increase with increased distance from the skin; that is, the deeper the nerve the greater the influence of axon diameter. So the random axon thresholds in the present study are most appropriate for the superficially located median nerve at the wrist.
Whether the stimulation of human motor axons is entirely random has yet to be determined. There have been some observations using MPS that the same motor axons exhibit the lowest threshold at different stimulation sites along the median nerve [53] . Thus resolution of this issue awaits further experimental data that directly test for correlations between stimulus threshold and indirect measures of axon diameter across the full range of motor unit sizes.
The RIS method results in underestimated MUNE
Simulations of the RIS method using random axon thresholds resulted in MUNE of about 50 units compared to the 250 motor units in the model. The experimental data for the thenar muscles resulted in estimates of 261±116 motor units [15] . Why were the results from the model so low?
The RIS minimum-maximum criterion described in section 2.5.2 is valid for motor unit pools where the overlap in adjacent threshold probability functions is less than 50%, but the overlap in these simulations was much more than that ( figure 6 ). This caused many incremental motor unit responses to be missed by the RIS algorithm, thereby overestimating the mean response size and underestimating the number of motor units. By extension, the greater the overlap in threshold probabilities, the more severely RIS underestimates the number of motor units-alternation has the opposite effect as in the IS method.
The results from the RIS simulations serve to highlight the problem of alternation on accurate MUNE using Incremental Stimulation methods. If alternation is ignored, as in the case of the original IS method, gross overestimates result. If strict inclusion criteria are invoked to account for alternation, the result may be an equally inaccurate underestimate, albeit with reduced variability. We conclude that the RIS method is not an appropriate solution to the problem of alternation, given the uncertainty in the distribution of mean axon thresholds in human motor axons.
EMG is the preferred output measure for MUNE
The results with all methods studied are less variable when EMG is used as the output measure compared to muscle force. There are a number of reasons why this is the case, including, the range of amplitudes of the two outputs, the shorter duration of the EMG output, and perhaps the minimalism of the EMG model.
The range of twitch amplitudes, P range , was 100 compared to a range of 10 for the SMUP amplitudes (A range , table 1). The difference in range is expected from the empirical evidence that SMUP amplitude varies as the square root of twitch amplitude [28] . Random samples from the narrow SMUP distribution will therefore be less variable than the more broadly distributed twitch amplitudes.
Another acknowledged limitation of using force output during voluntary contractions, and therefore the STA methods, is the influence of partial twitch overlap on the average [48, 49] . In practice, this drawback is reduced by inclusion criteria that limit the interval between consecutive spikes to 100 ms, which is equivalent to a rate of 10 spikes s −1 . However, even with this inclusion criterion in place, output measures using force during STA were more variable than those using EMG ( figure 16 ).
The use of a phenomenological representation of the SMUP (section 2.2) may have biased our results in favor of EMG compared to force. A more realistic model of EMG would have accounted for the non-uniform shape of experimentally recorded SMUPs. However in practice, EMG electrodes are iteratively positioned to result in electrically evoked SMUPs with a constant polarity and initial negative phase [53] . Measures are restricted to this initial negative phase using peak amplitude or negative peak area. Therefore, we think that our SMUP model was a suitable approximation to the experimental data generated by the stimulation-based MUNE methods. The SMUP averaged from the EMG interference pattern during simulated voluntary contractions would be more suspect to our minimal model. But decreased variability of the MUNE using EMG compared to force is not limited to our simulations of the STA method; it is true for all methods ( figure 16 ).
More advanced methods for modeling EMG are available which account for factors that affect the overall shape of a SMUP. In particular, the spatiotemporal properties of an intracellular muscle action potential (IAP) can be derived from a core conductor model by making assumptions about the conductive and capacitive properties of the muscle fiber. Alternatively, the IAP may be recorded experimentally, or described by an empirical function of time, and related to space by an assumed conduction velocity of the muscle fiber [26] . Knowing that such an intracellular current source exists within a finite volume conductor (the body) beneath various tissue layers (muscle, fat, skin) allows for more realistic calculations of the resulting surface potentials. Existing volume conductor models use analytic formulae to predict recorded potentials with respect to arbitrary source/electrode locations, finite length of muscle fibers, and anisotropic conduction through tissue layers [54, 55] . One particularly flexible model based on signal conduction transfer functions can be extended to account for other physiological parameters such as muscle fiber inclination, capacitive tissue properties, as well as an arbitrary detection system configuration [56, 57] . Certainly a model that incorporated this level of detail into MUNE simulations would provide additional insights.
Comparing Multiple Point Stimulation and Spike-Triggered Averaging
Interestingly, the MUNE results from the STA method were more accurate than the unbiased sampling of 20 units acquired by MPS ( figure 16 ). Even though experimental considerations preclude the sampling of the largest motor unit response with STA (section 2.5.4), sampling of responses during any given contraction is biased toward the units discharging at the lowest frequency (i.e. the largest units). Therefore during moderately large contractions STA has the opportunity to capture the responses of relatively scarce intermediate-sized motor units. These samples contribute to a larger estimate of the mean response, therefore, a smaller MUNE. In this way, the nature of the STA sampling method counteracts the skewed size distribution of the motor unit pool.
The advantage of STA over MPS requires unbiased sampling from the pool by recording and discriminating single motor unit spike trains at levels of contraction of about 30% maximum. In the simulations, it is trivial to select motor units firing at 8-10 imp s −1 from the pool of potentially 250 simultaneously active units. In practice, the acquisition of single-unit spike trains at these levels of contraction is not trivial. Also, the level of contraction required to get a good sample depends on the range of recruitment thresholds, R range (15) . For intrinsic hand muscles this range is about 50% MVC whereas it can be as high as 85% for limb muscles [41] . Therefore, to get an unbiased sample from the biceps brachii muscle may require prolonged contractions at levels greater than 50% MVC. With traditional intramuscular recording methods this would be an arduous task, however the decomposition-enhanced spike-triggered averaging (DE-STA) methodology has been specifically developed to overcome this limitation [58] . Thus both theoretically and perhaps experimentally using DE-STA, there is a slight advantage in accuracy and variability using the STA compared to the MPS MUNE methodology.
Conclusions
It is acknowledged among clinical researchers performing MUNE that the electrophysiological and anatomical estimates of motor units in human muscles are fraught with technical and sampling problems [1] . What is needed to bring consensus and advance the promise of MUNE as a standard electrodiagnostic method, is a quantitative and objective means of comparing results. The model presented is, to our knowledge, the first to address the neuromuscular physiology involved in MUNE. The model is intended to serve as a heuristic tool that will aid in the development of more effective methodology and provide a quantitative basis for comparison of alternatives.
Modeling the neuromuscular physiology involved in various MUNE techniques gave new insight into the methods that could not be tested experimentally. While it has been acknowledged for some time that the original Incremental Stimulation method proposed by McComas in 1971 had significant limitations, there have been few quantitative studies of these limitations (e.g., [36] ). The simulations of the RIS method revealed the danger of being too conservative with inclusion criteria and the strong effect of variable axon thresholds and their relative overlap. The results from the model support the conclusion that axon thresholds are not biased to large-diameter motor axons, but instead are more random due to the depth within the fascicle. This is essential for the validity of results produced with the MPS method. Finally, simulations of the STA method using EMG as the output measure produced the most accurate and least variable MUNE. This finding requires sampling single motor unit spike trains at moderate to high levels of contraction, which is experimentally offered by the DE-STA method.
